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a b s t r a c t
2-Allylphenol is a biomimetic synthetic fungicide that mimics the compound ginkgol found in gingko
fruit (Gingko biloba L.). This systemic fungicide can effectively suppress a wide range of plant diseases,
including wheat sharp eyespot (Rhizoctonia cerealis). However, its degradation in environment after
application is still unknown. To understand this fungicide degradation, major metabolites of 2-
allylphenol in R. cerealis were examined. The parent and metabolites of 2-allylphenol were detected
and quantiﬁed in the mycelia and liquid medium. Results showed that 2-allylphenol was metabolized
and bio-transformed by R. cerealis, and four metabolites were found, including 2-(2-hydroxyphenyl)
acetic acid (M1), 2-(2, 3-dihydroxypropyl) phenol (M2), 2-(2-hydroxypropyl)-phenol (M3) and 2-(3-
hydroxypropyl)-phenol (M4). Based on the results, we propose that the biodegradation pathway is that
2-allylphenol is rapidly oxidized into metabolite M2 and hydrolyzed into M3 and M4, which formed M2,
and carboxylation of M2 to 2-hydroxy-3-(2'-hydroxyphenyl) propionic acid which undergo hydrolyza-
tion and decarboxylation to form M1. 2-Allylphenol can be bio-transformed to new compounds by
R. cerealis, suggesting the existence of microbe metabolic pathways for 2-allylphenol.
& 2014 The Authors. Published by Elsevier Inc.
1. Introduction
Pesticides can be metabolized by the environment, microor-
ganisms, and plants both physically and biologically (Aleu et al.,
2001; Karmakar and Kulshrestha, 2009; Li and Yang, 2005;
Martins et al., 2001; Tellier et al., 2002; Vanni et al., 2000).
Whether these metabolites could adversely impact the environ-
ment is always a concern (Karmakar and Kulshrestha, 2009;
Martins et al., 2001; Vanni et al., 2000). Fungicides iprodione
and procymidone can be metabolized during the composting
process (Vanni et al., 2000), and cyanooximes and cymoxanil can
be metabolized by the target pathogen Botrytis cinerea (Tellier
et al., 2009), and the metabolites can be adverse to many living
organisms (Tellier et al., 2009; Vanni et al., 2000).
2-Allylphenol is a biomimetic synthetic fungicide and its
structure is similar to ginkgol, the bioactive antifungal compound
from Gingko (Gingko biloba L.) (Meng et al., 1987; Zhang et al.,
2004; Meng, 2004). It was primarily registered for use in control-
ling gray mold of tomato (B. cinerea) and later it has been found
to have activity against a broader range of fungi, such as Clados-
porium fulvum, Rhizoctonia cerealis, and Sphaerotheca macularis, in
many economically important crops (Meng et al., 2007, 1987,
1995; Meng, 2004; Qu et al., 2008; Xia et al., 2010). In B. cinerea, 2-
allyphenol inhibits the fungal pathogen by inducing cyanide-
resistant respiration, causing an ATP decrease, and inhibiting
respiration (Gong et al., 2009). In R. cerealis study, it is not clear
if it shares the same mechanism as B. cinerea. When treated with
2-allyphenol, the growth of R. cerealis was inhibited, including
shortening of hyphal branches, and elongation of hyphal tips was
slowed down (Zhang et al., 2003).
2-Allylphenol has been investigated in mechanism of action,
absorption, and translocation in wheat seedlings (Zhang et al.,
2004), degradation in tomato fruit (Meng et al., 2007), and
chemical activities in environment and soil microbes (Hu, 2004).
Its four major photoproducts of 2-allylphenol in methanol by UV
irradiation were detected in soil, which were tentatively identiﬁed
as 2, 4, 5-trihydroxybenzaldehyde, p-allylphenol, methyl-2-hydro-
xphenylacetate, and 2-methyl-benzodihydrofuran (Hu, 2004).
Whether 2-allylphenol can be degraded and metabolized by target
pathogens including R. cerealis remains unknown. The objectives of
this work was to determine how 2-allylphenol is metabolized, what
the degradation pathways are, and what the bio-transformation is
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in R. cerealis. The result is expected to help manufactures to further
modify the structures of the fungicide 2-allylphenol in order to
delay fungicide resistance.
2. Materials and methods
2.1. Reagents and chemicals
Standard 2-allylphenol (Z99 percent purity), was provided by the Institute for
the Control of Agrochemicals, Ministry of Agriculture (Beijing, China). Analytical
grade chemicals ethyl acetate, acetone, and methanol were purchased from Beijing
Chemical Works (Beijing, China). Acetic acid (99.8 percent) was obtained from
Merck KGaA (Darmstadt, Germany). HPLC-grade methanol and acetonitrile were
purchased from Columbus Chemical Industries, Inc. (Phoenix, AZ, USA), and
Caledon Laboratories Ltd. (Georgetown, Ontario, Canada), respectively. 2-(2-Hydro-
xyphenyl) acetic acid was purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
2.2. Preparation of R. cerealis samples
R. cerealis was grown on potato dextrose agar (PDA), prepared as described
previously (Lu et al., 2010), and incubated at 25 1C in the dark for a week before use.
Mycelial plugs (5 mm in diameter) of R. cerealis were cut using a cork borer,
transferred into 150 mL yeast glucose broth (5 g yeast extract, and 20 g glucose per
1 L), and incubated at 25 1C for a week on a rotary shaker at 120 rpm in the dark.
The mycelium was harvested by ﬁltration through double-layered cheese cloth in a
Buchner funnel under sterile conditions (Gong et al., 2009). The mycelia were
treated using one of the following methods: (1) 2 g mycelia treated with 400 mL
2-allylphenol (dissolved in ethanol at 1500 μg mL1, same in 2 and 4); (2) 2 g
mycelia, inactivated by autoclaving for 20 min at 121 1C, treated with 400 μL
2-allylphenol; (3) 2 g mycelia treated with 400 mL ethanol; and (4) 400 μL
2-allylphenol (control). Each treatment was replicated three times throughout all
the experiments as described in the following sections. The treated samples were
incubated at 25 1C for 72 h on a rotary shaker at 120 rpm.
2.3. Liquid–liquid extraction of R. cerealis samples
After 72 h incubation as described above, the R. cerealismycelium was removed
from the culture medium by ﬁltration through double-layered cheesecloth. For
each sample, ﬁve grams of fresh mycelia were lyophilized, ground in a mortar with
a pestle, and homogenized in 25 mL of an acetone/water solution (v/v¼80/20), and
treated with ultra-sonication (KQ-250E, Kun Shan Ultrasonic Instruments Co., Ltd,
China) for 10 min, followed by centrifugation at 3200 g for 5 min. The super-
natant was collected. In order to increase the extraction efﬁciency, the residue
(pellet) was extracted as above with acetone/water (v/v¼50/50) solvent twice,
and the supernatant was collected and pooled with the ﬁrst supernatant collection.
The acetone/water extract was acidiﬁed to pH 3.0 by adding 1 percent HCl and
mixed with an equal volume of ethyl acetate, followed by evaporation on a rotary
evaporator in a water bath at 35 1C. The procedure was repeated to obtain the
maximum of extract yield. The culture medium was extracted by an equal volume
of ethyl acetate, followed by evaporation at 35 1C. The residue from the ethyl
acetate fraction was dissolved in 0.3 mL methanol, ﬁltered through a hydrophobic
membrane (Pall Corporation, NY, USA) with 0.45 μm pore size, and subjected to the
analysis of metabolites described below.
2.4. Solid-phase extraction of samples
In order to analyze the acetone extracts from mycelial samples, high perfor-
mance liquid chromatography–mass spectroscopy (HPLC–MS) was performed. The
mycelial samples as prepared as above were cleaned and concentrated using
Extract-CleanTM cartridges (500 mg C18 octadecyl column, SUPELCO, USA). The
columns were conditioned and equilibrated with methanol followed by loading
deionized water. One milliliter of sample was added to a conditioned solid phase
extraction (SPE) 500 mg Supelclean ENVI-18 column (Supelco Analytical by Sigma-
Aldrich, St. Louis, MO, USA). The cartridge was washed with 5 percent and 10
percent methanol, and the compounds of interest were eluted with 20 percent
methanol. The eluted materials were evaporated at 30 1C in a vacuum and the
residues were then dissolved in 0.3 mL of HPLC-grade methanol, and stored at
30 1C until further analysis.
2.5. HPLC–DAD analysis of metabolites
High-performance liquid chromatography with diode-array detection (HPLC–
DAD) was conducted using a HP/Agilent 1100 Liquid Chromatograph System (GMI,
Inc., Ramsey, MN, USA), which consists of a quaternary pump, an autosampler, and
diode array detector coupled with an analytical workstation. Separation was
performed on a HYPERSIL C18, BDS column (5 μm, 250 mm4.6 mm) with a guard
column (both from GMI). Mobile phase A (acetonitrile) and B (water, 0.1 percent
acetic acid) were used at a ﬂow rate of 1 mL min1 in a gradient program as
follows: 0–20 min, 10 percent A-10 percent A; 20–30 min, 10 percent A-40
percent A; 30–45 min, 40 percent A-50 percent A; 45–50 min, 50% A-50 percent
A; 50–60 min, 50 percent A-10 percent A. The analytical wavelengths were set at
230, 254, and 280 nm.
2.6. LC–MS determination of metabolites
HP/Agilent 1100 LC–MS system, operated by Windows XP based on Chemsta-
tion software, was employed. The ion trap MS was equipped with an AP-ESI source.
Negative ions in the 20–400m/z range were registered in full scan mode, with the
single ion measurement (SIM) mode at a speciﬁc m/z.
To enhance the analysis quality, replicated (three times) samples were under-
went HPLC separation. Ethyl acetate crude extract was pre-cleaned and pre-
concentrated by solid phase extraction (SPE) before LC–MS determination, then
eluted in 20 percent methanol through SPE (containing four metabolites). The
compounds were determined by HPLC–UV–(ESI) MS. The HPLC conditions were
optimized in order to satisfy the LC–MS detection. Elution was isocratic using a
mobile phase consisting of 10 percent acetonitrile (0.1 percent acetic acid) and
sample analysis was ﬁnished in 25 min. In order to obtain more structure
information of the metabolites, protonated ions at m/z 151 and 167 were used as
the target ions to process MS2 using manual MS mode.
A switching-valve strategy was implemented, in order to minimize contamina-
tion of the AP-ESI source from potential endogenous interferences coming from the
sample matrix. The nebulizer pressure was set at 30 psi, while the drying gas
(nitrogen) was delivered at a ﬂow rate of 8.0 L min1 at a temperature of 35 1C.
Capillary voltage was set at 3.5 kV and the fragmentor was set at 70 V. These
conditions allowed minimal fragmentation of the parent compound and optimal
yield of its quasi-molecular ion, as well as minimized interferences. Chromato-
graphy was performed on a HYPERSIL C18 BDS column (5 μm, 250 mm4.6 mm,
GMI). Elution was isocratic using a mobile phase consisting of 10 percent
acetonitrile/water (0.1 percent acetic acid).
2.7. Analysis using liquid chromatography (LC) with nuclear magnetic resonance
(NMR) and NMR with nanoprobe head
In order to identify more precisely, the structure of the four metabolites was
analyzed using on-ﬂow LC–NMR and a 500 MHz NMR analysis with the nanoprobe
head. HPLC conditions for the LC–NMR experiment were optimized in order to
achieve the highest possible loading for sensitive detection on ﬂow LC–1H NMR and
to collect signiﬁcant amounts of the LC peaks for the metabolites assay. The NMR-
grade CD3CN was employed and D2O was substituted for H2O. The mobile phase A
(CD3CN, NMR grade) and B (D2O) were applied at a ﬂow rate of 1 mL min1 in a
gradient program as follows: 0–15 min, 10 percent A-10 percent A; 15–25 min, 10
percent A-75 percent A; 25–55 min, 75 percent A -5 percent A. The injection
volume was 20 μL. The outlet of the UV detector was connected to a 500 MHz LC–
NMR. LC–NMR experiments were conducted in a stop-ﬂow mode, where LC ﬂow
was stopped while the NMR was acquiring data on an LC peak (Godejohann et al.,
2004; Novak et al., 2004). A nanoprobe head was used on a 500 MHz NMR that was
sensitive and adaptive to analyze the 2-allylphenol metabolites samples at low
concentration levels.
Fig. 1. High performance liquid chromatography (HPLC) chromatograms of differ-
ent chemical fractions after 72 h incubation at 25 1C in the dark. (A) extracts of
Rhizoctonia cerealis control mycelia; (B) 2-allylphenol standard in ethanol; and
(C) extract of R. cerealis mycelia treated with 2-allylphenol. Metabolites (M1–M3)
are of 2-allylphenol (P) are labeled.
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3. Results
3.1. HPLC–DAD analysis of metabolites
Chromatographic separation of the metabolites was achieved
by HPLC–DAD with a gradient elution (Fig. 1). 2-Allylphenol was
not detected in non-treated R. cerealis mycelia (Fig. 1A), but was
observed in a 2-allylphenol standard sample (P) solution (Fig. 1B).
Both 2-allylphenol and three metabolic compounds (M1, M2, and
M3) were detected from R. cerealis mycelia and treated with 2-
allylphenol (Fig. 1C). As studies dealing with mycelium are difﬁcult
to implement, degradation of 2-allylphenol and formation of
metabolites, were followed in the culture-media, assuming that
the products observed in culture-media may reﬂect the bio-
transformations occurring in the mycelium.
In the liquid medium where R. cerealis was cultured but
removed at processing, no peak was observed on the chromato-
gram in the no 2-allylphenol control (Fig. 2A), but was observed
when 2-allylphenol was added at about 35 min on the chromato-
grams (Fig. 2B–D). Additionally four metabolites of 2-allylphenol
were found in the medium when R. cerealis was treated with 2-
allylphenol (Fig. 2D). No metabolites were detected without the
presence of R. cerealis (Fig. 2C) or without living R. cerealis
(Fig. 2B), indicating 2-allylphenol was stable in our conditions of
temperature, and pH. The compound was not produced during an
incubation time in culture-media without any mycelia-culture or
living mycelia.
To understand the possible degradation pathways of 2-allyl-
phenol, the parent and metabolites of 2-allylphenol were detected
and quantiﬁed in liquid medium during 0–144 h. A little amount of
metabolite M2 occurred ﬁrstly with 0.207 μg mL1 at 8 h. As the
extension of culture times, the other tree metabolites (M1–M4)
were observed during 12–48 h. Compared with the increasing of
metabolites, the degradation rate of 2-allylphenol up to 71.02
percent at 144 h (Table 1). The UV absorption spectra of parental
and metabolite compounds showed the same result, indicating the
main structure of 2-allylphenol had not been changed during the
metabolism by R. cerealis.
3.2. LC–MS determination of metabolites
All four metabolites of interest (M1–M4) were observed from
LC chromatogram and the ion current (TIC) plot (Fig. 3A, B). From
the preliminary LC–UV–MS screening, the four compounds were
found to differ from the negative controls. In the result of MS2
spectra, three occurred and displayed protonated molecules
[M–H] at 151.1 D (Fig. 3, M1, M3 and M4), and one at 166.9 D
(Fig. 3, M2). The MS2 spectrum of the m/z 166.9 ion (M2) [M–H]
showed the loss of H2O to give [M–H2O–H] m/z 149.1 with
further fragmentation to C7 H7Oþ at m/z107 and C6 H5Oþ at m/z
93.4 ion. The MS2 spectrum of M3 (tR¼21.6 min) was the same as
of M4 (tR¼24.7 min), which occurred at ions fragments at m/z
107.1 and m/z 93.3 (Fig. 3). Analysis for MS spectrum of the four
metabolites showed the m/z 107.0 ion and the m/z 93.4 ion were
similar to the fragment ions of the parent fungicide, which
suggested that the main structure of 2-allylphenol did not dis-
appear, but showed changes in position of the side chain after the
metabolism by R. cerealis.
Based on MS spectra, 2-allylphenol with an atomic mass of
134.18 D might add a hydroxyl at the side strain of phenol to yield
three compounds with an atomic mass of 152.19 D, or add two
hydroxyls to yield a metabolite with an atomic mass of 168.19 D.
Since the accurate position of the hydroxyl at the side chain of
metabolites molecule could not be determined by HPLC–MS
analysis, LC–NMR was carried out to identify the structure of four
metabolites (Fig. 3).
3.3. Analysis with LC–NMR, and NMR with nanoprobe head
The 1H NMR data of 2-allylpheol and four metablites were
summarized in Table 1. Spectra were recorded in CD3OD. The 1H
NMR spectrum of the 2-allylpheol standard showed that four
aromatic multiplets of 3-H, 4-H, 5-H and 6-H overlap each other
in the 7.15–6.83 ppm region of the spectum. The 7 methylene
protons resonated at 3.44 ppm and displayed a vicinal coupling
of 6.4 Hz. The 8 multiplets at 6.05 ppm were vicinal to the 7 and
the 9 methylene protons. The 9 methylene protons of end-allyl
proved to be inequivalent, appearing as geminal and vicinal
multiplets at 5.18 ppm. The 1H NMR spectra of metabolites M1,
M2, M3 and M4 showed strong similarities to that of the 2-
allylpheol standard in the 7.12–6.54 ppm region, verifying four
Fig. 2. High performance liquid chromatography (HPLC) chromatograms of culture
medium ﬁltered after Rhizoctonia cerealis removal after 72 h incubation at 25 1C.
Samples included (A) 2 g mycelia treated with 400 mL ethanol; (B) 2 g mycelia,
inactivated by autoclaving [20 min at 121 1C], and treated with 400 mL 2-allylphenol
standard; (C) 400 mL 2-allylphenol; and (D) 2 g mycelia treated with 400 mL
2-allylphenol. P indicates 2-allylphenol, and M1–M4 show metabolites.
Table1
Metabolism of 2-allylphenol in liquid medium during 0–144 h.
Time (h) The metabolites of 2-allylphenol (μg mL1) 2-Allylphenol
(μg mL1)
Rate of degradation
(%)
M1 M2 M3 M4
0 N. D. N. D. N. D. N. D. 513.27 —
4 N. D. N. D. N. D. N. D. 313.20 39.01
8 N. D. 0.21 N. D. N. D. 271.39 47.13
12 0.26 2.71 N. D. N. D. 237.82 53.66
24 3.61 18.97 N. D. N. D. 254.02 50.51
48 29.55 12.17 0.16 8.421 248.61 51.56
72 129.44 85.63 4.62 9.29 210.44 59.00
96 165.63 90.11 6.511 22.52 190.36 62.91
120 176.44 77.72 72.77 41.26 181.49 64.64
144 162.38 87.43 35.39 33.99 148.77 71.02
Note: N. D. means not detect.
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protons on the aromatic ring. In product M1, this two proton
singlets occurred at 2.45 ppm and was consistent with a methy-
lene at position 7. In this case, the 7 methylene protons was
shifted noticeably high-ﬁeld, while the disappearance of the
methylene multiplets of end-allyl compared with 2-allylpheol.
M1was identiﬁed as 2-(2-hydroxyphenyl) acetic acid. 2-(2-
M1 M2 
M3 
M4
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-MS
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Fig. 3. LC chromatogram, Total ion current (TIC) plot and MS2 spectra of 20 percent methanol eluted extract of Rhizoctonia cerealis which was ﬁltrate (72 h) through solid
phase extraction (SPE). (A) LC chromatogram; (B) Total ion current plot; (C–F) MS2 spectra of metabolite M1–M4, respectively.
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hydroxyphenyl) acetic acid standard was purchased from
Sigma-Aldrich Company, and its HPLC chromatogram agreed
with M1. The 1H NMR spectrum of M2 showed four aromatic
hydrogen at 7.12–6.84 ppm. The 7 and 9 methylene protons
occurred doublets at 2.78 and 3.46 ppm with 5.5 Hz and 6.5 Hz
coupling constrants, respectively. A one-proton multiplets at
position 8 absorbed near 3.85 ppm. This indicated that hydro-
xylation took place in position 8 and 9. Peak M2 had the
protonated ion at m/z 166.9 in the LC–UV–(ESI) MS. On the
basis of LC–MS and 1H NMR, M2 was recognized as 2-(2,3-
dihydroxypropyl) phenol. The 1H NMR spectra of metabolites
M3 and M4 showed strong similarities to that of 2-allylpheol as
well, differing only some protons in the side chain of aromatic
ring. In metabolite M3, the methylene multiplets at position
7 resonated at δ2.58–2.83. The 8 one-proton multiplets
occurred at 3.59 ppm, while the 9 methyl doublet appeared at
1.35 ppm showing a vicinal coupling of 6.2 Hz. It can be
concluded that hydroxylation took place at methylene group 8.
In metabolites M4, the 7 and 9 methylene protons occurred
triplets at 3.67 and 2.84 ppm with 5.5 Hz and 6.5 Hz coupling
constrants, while the 8 two-proton multiplets appeared at
2.10 ppm. This indicated that hydroxylation had occurred at
methyl group 9. These information indicated that metabolite M3
and M4 were the isomers, named 2-(2-hydroxypropyl)-phenol
and M4 was 2-(3-hydroxypropyl)-phenol, respectively. 1H NMR
spectral data of M3 agreed with published data (Bagnell et al.,
1996) (Table 2).
4. Discussion
In this study, four metabolites were observed with the presence
of active R. cerealis culture. R. cerealis mycelia contained higher
level of M3, but lower than non-detectable level of M4, compared
to culture medium. The mechanism of this compound distribution
needs to be further studied. The result of 1H NMR spectra of M2
was in agreement with the literature other report values (Keane
et al., 1970). Based on the structures of the metabolites determined
by NMR, possible degradation pathways of 2-allylphenol were
proposed (Fig. 4). The initial oxidation might take place at the side
chain of 2-allylphenol to produce the possible epoxy compound,
which becomes 2-(2',3'-dihydroxypropyl) phenol (M2). The hydro-
xylation might take place at the side chain of 2-allylphenol to form
2-(2'-hydroxypropyl) phenol (M3) and 2-(3'-hydroxypropyl) phe-
nol (M4), hydroxylation of M4 andM3 to form M2, and carboxyla-
tion of M2 to 2-hydroxy-3-(2'-hydroxyphenyl) propionic acid
which happen hydrolyzation and decarboxylation to form 2-(2'-
hydroxyphenyl) acetic acid (M1) (Bayer, 1981).
Table 2
1H NMR parametersa for 2-allylphenol and its metabolites in deuterimethanol (500 mHz).
Position of hydrogen/structure 2-Allylphenol M1 M2 M3 M4
Molecular structure
Ar–H δ7.15–6.83 (4H, m) δ7.0–6.54 (4H, m) δ7.12–6.84 (4H, m) δ7.04–6.64 (4H, m) δ7.04–6.68 (4H, m)
7-H δ3.44 (2H, d, J¼6.35 Hz) δ2.45 (2H, s) δ2.78 (2H, d, J¼5.5 Hz) δ2.58–2.83 (2H, m) δ3.67 (2H, t. J¼5.5 Hz)
8-H δ6.05 (1H, m) δ3.85(1H, m) δ3.59 (1H,m) δ2.10 (2H, m)
9-H δ5.18 (2H, m) δ3.46 (2H, d, J¼6.5 Hz) δ1.35 (3H, d, J¼6.2 Hz) δ2.84 (2H, t, J¼6.5 Hz)
Note: s: singlet, d: doublet, t: triplet and m: multiplet.
a Chemical shifts (δ) are expressed in parts per million (ppm).
Fig. 4. Proposed degradation pathways of 2-allylphenol in Rhizoctonia cerealis. Metabolites include M1: 2-(2-hydroxyphenyl) acetic acid; M2: 2-(2,3-dihydroxypropyl)
phenol; M3: 2-(2-hydroxypropyl)-phenol; and M4: 2-(3-hydroxypropyl)-phenol).
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Although 2-allylphenol can be bio-transformed in R. cerealis, it
does not reduce the efﬁcacy of the fungicide to inhibit the fungus
(Qu et al., 2008). At least one of the four metabolites was active in
inhibiting the pathogen. Whether these metabolites impact the
environment needs further investigation. In order to ﬁnd new
bioactive compounds, exploring the kinetics of 2-allylphenol
metabolism and evaluating the toxicity of four metabolites in vitro
against R. cerealis and other pathogens are critical.
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